Aim To examine and compare patterns of species richness and prominence across the Australian continent for taxonomic and ecological subsets of the granivorous bird fauna.
INTRODUCTION
Studies of the broad-scale geographical patterning of environments, species and groups of species across Australia have illuminated much of the biota's evolutionary history and its relationship with governing ecological processes (e.g. Kikkawa & Pearse, 1969; Keast, 1981a; Nix, 1982; Gentilli, 1992) . However, there has been little quantitative effort to compare the distribution patterns of ecologically related, but taxonomically distant groups of species, despite the potential potency of this approach in segregating the influence of evolutionary from contemporary ecological factors. Here we illustrate this approach, using a relatively well-defined data set describing the distribution of Australian granivorous birds.
Granivorous (seed-eating) birds are a major component of the avifauna in most vegetated terrestrial communities across the world. Granivory has evolved as a major ecological trait independently across a diverse range of bird groups, and typically requires an array of associated morphological and ecological features (Wiens & Johnston, 1977) , including a beak suitable for husking, cracking or extracting seeds and the requirement for frequent consumption of water. Granivory is also prominent among ants and rodents, and complex competitive interactions and complementary patterning of species richness may occur between faunal groups that differ markedly in their biology and taxonomy (Brown, Reichman & Davidson, 1979; Morton, 1985) .
Approximately 20% of land bird species in Australia are granivores. Earlier analyses have suggested that species richness within Australia is greatest in tropical latitudes (Pianka & Schall, 1981) . Lein (1972) demonstrated that Australasian granivorous bird assemblages differ from those of most other parts of the world in the prominence of non-passerine pigeons and parrots and the relatively low diversity of finches and finch-like passerines. In this respect, the contrast with the climatically similar 'Ethiopian' zoogeographical region (Africa south of the Sahara) is particularly great, as it is also with the Nearctic and Palaearctic. The biogeography of granivorous birds in Australia is of particular interest because granivorous birds feature prominently in lists of threatened Australian bird taxa (Garnett, 1992) , and these declines have occurred unequally across the continent, being most prominent in the tropical and subtropical savannas (Franklin, 1999) and arid zone (Reid & Fleming, 1992) .
The characteristics of the seed resources on which granivores depend are poorly documented, but nevertheless show some striking patterning across Australia. Seeds are larger in tropical than temperate areas, a trend that is consistent within functional groups, dispersal modes and plant families, and holds for forbs and most graminoid groups, as well as for woody plants (Lord et al. , 1997) . In arid and semiarid areas, seed availability may show vast variation between years in association with irregular rainfall events (Friedel, Foran & Stafford Smith, 1990 ). In the tropical savannas, there are generally consistent temporal patterns in grass seed density within years, with extremely high density following the wet season growing period and often very low densities in the late dry season (Andrew, 1986; Woinarski & Tidemann, 1991; Crowley & Garnett, 1999) . Seasonal patterns of seed availability in temperate Australia are probably also regular, but are more subdued (Hodgkinson, Harrington & Miles, 1980; Morgan, 1998) . The abundance and broad taxonomic composition of seeds available to granivorous birds vary substantially across Australia, most distinctly between grassland areas and those where the ground layer is dominated by shrubs, but also between areas with and without trees.
In this paper, we explore continental geographical patterning in granivorous birds in Australia utilizing measures of species richness and prominence in land bird assemblages. Our analyses include comparisons between granivorous birds that feed more or less exclusively on the ground and those that often forage for seeds in trees, and between three taxonomically disparate groups of ground-foraging granivoresparrots (Psittaciformes: Cacatuidae and Psittacidae), finches (Passeridae) and pigeons (Columbidae). We conclude with a consideration of how the environment has structured the Australian granivorous bird fauna.
METHODS

Study area
Our study area comprises the Australian mainland and the island of Tasmania. Although often and perhaps correctly characterized as a desert continent, Australia lacks the extreme aridity of some other continents and also contains broad areas of moderate rainfall and small areas of high rainfall (Fig. 1) . Topographical variation is slight compared with other continents (maximum 2228 m above sea level [ASL] ; 95% below 600 m ASL). A latitudinal range from 11 to 43 ° is the major source of climatic variation (tropical to cool temperate). Rainfall in the northern half of the continent is strongly summer-dominated and that of the southern quarter somewhat to strongly winter-dominated (Fig. 1) . The natural vegetation ranges from stony treeless desert to rainforest, and includes extensive areas of semiarid grasslands and shrublands, and tropical and temperate savanna woodlands (Fig. 1) . Useful analyses or summaries of Australian climate and vegetation have been presented by Groves (1981) , Nix (1982) and Bridgewater (1987) .
Bird species considered
Few Australian granivorous birds have been the subject of detailed dietary studies, although broad dietary composition is known at an anecdotal level for most species. We have considered only species known or thought to be primarily granivorous or to have mixed diets in which granivory is prominent. These include all indigenous members of the Phasianidae, Turnicidae, Pedionomidae and Passeridae, and selected members of the Columbidae and Psittaciformes (Cacatuidae and Psittacidae). Birds not included here, but which consume seeds at times, include terrestrial omnivores such as the emu Dromaius novaehollandiae (Latham, 1790) (Casuariidae), three species of megapode (Megapodiidae), the magpie goose Anseranas semipalmata (Latham, 1798) (Anseranatidae) and the Australian bustard Ardeotis australis (Gray, 1829) (Otididae). We classify species as either foraging more or less exclusively on the ground or among herbage ('terrestrial granivores'), as foraging more or less exclusively from trees and shrubs ('obligate arboreal granivores'), or as often foraging both terrestrially and arboreally ('facultative arboreal granivores'). For most purposes, the latter two classes have been combined as 'arboreal granivores'. Characteristics of the families are summarized in Table 1 , and a list of columbid and psittaciform species considered, and their foraging mode are given in Appendix 1.
For the purposes of all subsequent discussion, 'pigeons' includes all granivorous columbids and, unless otherwise qualified, 'parrots' includes all granivorous Psittaciformes including cockatoos (Cacatuidae). Scientific nomenclature and specific common names follow Christidis & Boles (1994) .
The 85 indigenous granivorous birds comprise 63 species of terrestrial granivores, six obligate arboreal granivores and 16 facultative arboreal granivores. Arboreal granivores are confined to the Psittaciformes, whereas terrestrial granivores Figure 1 Vegetation, rainfall seasonality and median annual rainfall of the study area, adapted from maps provided by the Division of National Mapping and the Bureau of Meteorology. The seasonality of rainfall is classified as very marked when the wettest season (of summer and winter) is more than three times wetter than the drier of the two, marked when the wetter of the two is more than 1.3 times wetter than the drier, and uniform otherwise.
are represented in all families. Among the parrots, the dichotomy of terrestrial and arboreal granivores follows generic lines quite strongly. The most speciose terrestrial granivore family is the Passeridae, followed closely by the Psittacidae and Columbidae, but the Psittacidae predominate when all granivores are considered and the Psittaciformes outnumber all other orders in both categories. There are marked size differences between the families, finches being the smallest and cockatoos the largest (Table 1 ). There are also marked size differences within families, especially within the cockatoos and pigeons and least so among the finches.
Dietary data suggest that most or all of the finches, the terrestrial granivorous parrots (Psittacidae), the granivorous pigeons and two of the terrestrial granivorous cockatoos preferentially feed on seeds (Frith, Brown & Barker, 1974; Crome, 1976; Frith, Wolfe & Barker, 1976; Wyndham, 1980; Morton & Davies, 1983; Zann & Straw, 1984; Jones, 1987; Schoepfer, 1989; Rowley, 1990; Read, 1994; Garnett & Crowley, 1995) . Most do not exhibit marked dietary shifts to insectivory when breeding (see Read, 1994 for an exception), and avicultural observations show that many species breed successfully on a diet consisting either exclusively or predominantly of seed (Immelmann, 1982; Shephard, 1994) .
In contrast, the terrestrial-foraging corellas ( Cacatua in part, Cacatuidae) tend to be relatively omnivorous, at least seasonally consuming high proportions of tubers and other nongrain food (Beeton, 1985) . Facultative arboreal granivores of both the Cacatuidae and Psittacidae are versatile not only in their choice of foraging substrates, but also in consuming a range of foods other than seeds (Saunders, 1980; Cannon, 1981; Rowley & Chapman, 1991) . The six obligate arboreal granivores vary in their dietary versatility ( Joseph, 1986; Chambers, 1996) , with the glossy black cockatoo Calyptorhynchus lathami (Temminck, 1807) in particular having a very limited dietary range. Differences between allopatric species and subspecies of the genus Calyptorhynchus (black-cockatoos) in bill and general morphology, diet and use of foraging substrates suggest that regional variation in food availability has had a marked evolutionary impact on this group, some taxa frequently extracting insect larvae from wood (Saunders, 1974; Ford, 1980) . The little dietary information on the ecologically and morphologically convergent quail, button-quail and plainswanderer Pedionomus torquatus Gould, 1841 in Australia suggests that mixed and perhaps opportunistic granivory and insectivory predominate (Frith, Brown & Morris, 1977; BakerGabb, 1988; Marchant & Higgins, 1993) .
Distribution data
We use presence/absence data for 812 cells of one degree of latitude and longitude (each approximately 100 by 100 km) based on bird lists collected throughout Australia from 1977 to 1981 inclusive, hereafter referred to as the Field atlas . Methods of data collection, vetting and storage, as well as the resultant maps for each species have been presented by Blakers, Davies & Reilly (1984) . The human population in Australia is strongly concentrated along the eastern, southeastern and south-western seaboard, leading to very uneven intensities of coverage ( Figure 7 in Blakers et al. , 1984) . All degree cells were visited, but 48 cells in the 'Western Deserts' region of the centre-west, and a scattering of cells in the far north and the central-eastern deserts were visited fewer than six times, whereas more than 200 lists were received for most cells in settled areas.
Analysis
We compare the distribution of species richness and relative prominence of: (a) terrestrial with arboreal granivores; and (b) of pigeons (Columbidae), finches (Passeridae) and terrestrialforaging parrots (Psittaciformes). Only indigenous populations are considered. The 'minor' taxonomic groups (the quaillike Phasianidae, Turnicidae and Pedionomidae) have been excluded from (b) because distribution data for most species are patchy and inadequate.
For every degree cell considered we present: (i) the recorded ('raw') species richness, and (ii) a measure of relative prominence in the land bird assemblage. The latter is calculated as the proportion of land bird species for the cell that belongs to a given category of granivorous birds, the resultant proportions being smoothed using weighted means from a moving window of nine degree cells in which the central block was weighted triple, adjacent cells were weighted double and diagonal cells weighted single. For presentation, cells were then ranked by their weighted proportions and divided into five equal-sized 'percentile classes'. Land birds were taken to include all birds except exclusively aquatic and marine species, Marchant & Higgins (1993) , Higgins & Davies (1996) , Forshaw & Cooper (1981) and Strahan (1996) . See Methods for definitions of terrestrial and arboreal granivores.
i.e. the orders Galliformes, Struthioniformes, Falconiformes, Gruiformes (Otididae only), Turniciformes, Charadriiformes (Pedionomidae, Burhinidae, Glareolidae and Vanellus only), Columbiformes, Psittaciformes, Cuculiformes, Strigiformes, Caprimulgiformes, Apodiformes, Coraciiformes and Passeriformes. For analyses of raw species richness, we excluded degree cells with less than 10% land area or less than six bird lists. For analyses of relative prominence, we excluded degree cells with less than 10% land area or less than 40 species of land birds or with no species of the class of granivore being considered.
RESULTS
Foraging mode
Terrestrial and arboreal granivores exhibited quite different geographical patterns of species richness (Fig. 2) . Richness of terrestrial granivores was greatest in temperate and subtropical south-eastern, and monsoonal north-western Australia (21-26 species). Within south-eastern Australia, richness was most frequently high in woodland areas along the western slopes of the Great Dividing Range and adjacent plains, and less et al. (1984) . Cells are one degree blocks.
frequently in immediate coastal areas. In the arid zone, the richness of terrestrial granivores was patchy and generally much greater in the more-accessible and better-watered pastoral lands of the east, centre and far west. Tasmania had few species. In contrast, peak species richness (between nine and 11 species) of arboreal granivores occurred in the transition zone between temperate and subtropical climates in a small area of the east. More than five species were recorded in a broad band of eastern and south-eastern Australia, and in the climatically equivalent area of south-western Australia, in both cases extending consistently to the coast. There were no more than four species per cell in monsoonal north-west Australia, Tasmania and in the MacDonnell Ranges of central Australia, and no more than two species per cell throughout much of the arid zone.
Differences in geographical distribution patterns were even more pronounced when relative prominence was compared (Fig. 3) . Terrestrial granivores were most prominent in inland northern Australia and the semiarid zone, the latter especially in the north-west (Pilbara) and the east. Arboreal granivores were most prominent in the higher rainfall coastal and subcoastal regions including Tasmania, with a secondary outlier in the MacDonnell Ranges of central Australia. For both groups there was a strong tendency, especially in tropical and subtropical areas, for peak relative prominence to be displaced at least several hundred kilometres inland compared with peak species richness.
The distribution of the six obligate arboreal granivores is not presented separately. Three species occur in eastern and south-eastern Australia, two in south-western Australia and one (the red-winged Parrot Aprosmictus erythropterus [Gmelin, 1788] ) throughout the subhumid summer rainfall zone of northern and north-eastern Australia. There are no obligate arboreal granivores in the arid zone.
Phylogeny among terrestrial granivores
Maximum species richness was similar for each of the three main orders of terrestrial granivorous birds, but they displayed very different patterns of distribution (Fig. 4) . Maximum species richness of granivorous pigeons (between five and eight species) was recorded in a wide arc across northern and eastern Australia, but most areas had more than two species. The distribution of species richness in finches was broadly Figure 4 Species richness of taxonomic groups of terrestrial granivores as recorded in Blakers et al. (1984) . Cells are one degree blocks. similar but richness was greater in the monsoonal north (between nine and 10 species) than in the east and over a narrower coastal and subcoastal band. Over a large area of arid Australia there was only a single species, the Zebra Finch Taeniopygia guttata (Vieillot, 1817) . In stark contrast, species richness of terrestrial-foraging parrots was low across northern Australia and in many coastal areas of the south. Richness in this group peaked at seven to 10 species in inland south-eastern Australia and in particular in the mallee (low semiarid eucalypt woodland) areas of inland southeastern Australia. Few areas had consistently less than three species, the most extensive being in the moderate-to-highrainfall region of north-eastern Queensland.
The above patterns are accentuated when relative prominence is considered (Fig. 5) . The three taxonomic groups had welldefined and distinct geographical centres of prominence, finches in monsoonal northern Australia with an outlier in the Pilbara region of Western Australia, pigeons in the semiarid tropics, and terrestrial parrots in the southern arid and semiarid zone.
DISCUSSION
Caveats and constraints in interpretation of data
Species inventories may be classified as alpha (within-habitat), gamma (multihabitat) or epsilon (regional) (Whittaker, 1977) . Species tallies for degree blocks, such as used in this study, are certainly coarser than alpha diversity (Westoby, 1998) and are perhaps best thought of as gamma diversity. However, many quantitative biogeographical analysts have utilized even coarser-scale distribution maps (e.g. Pianka & Schall, 1981; Cotgreave & Harvey, 1994) . Caley & Schluter (1997) argued that distribution maps are less prone to under-recording of rare species than cell maps. Fortunately, comparisons between scales are possible because of strong and apparently universal linear relationships between species richness at a range of larger spatial scales (Caley & Schluter, 1997) .
Field atlas data have the advantage that they are 'real' data, whereas distribution maps require extrapolation and guesswork and are likely to understate the patchiness of distributions, especially in sparsely populated areas. Raw Field atlas tallies of species richness (i.e. presence totals) are not amenable to direct quantitative analysis because of substantial unevenness in the intensity of coverage. With the notable exception of quail-like birds, granivorous birds are mostly obvious, resident or only locally mobile, and readily identifiable. Roads and population centres in otherwise remote areas permitted high levels of coverage, ensuring that Field atlas data for some degree cells in most regions of the continent are at least qualitatively comparable with those from more closely settled areas in the east, south-east and south-west of the continent. In our analyses, tallies of raw species richness produced contrasting and interpretable patterns.
Our measure of relative prominence overcomes many of the problems with uneven intensity of coverage. Since the measure responds to variation in both the species richness of the group being considered and to species-richness of all other groups, in isolation, it may have limited ecological relevance. However, as a comparative measure, it provides a powerful standardization which should be amenable to quantitative analysis.
Analyses in this paper have all been conducted at species level. There remains some debate about the correct taxonomic level to apply to many Australian granivorous birds (Christidis & Boles, 1994) . Under current arrangements, there are about 10 vicariant species pairs or triplets, and many species have subspecies within Australia, but as these almost invariably form allopatric populations, the patterns of species richness observed here would be little affected by altering the taxonomic resolution to subspecies or superspecies.
It is a necessary, if obvious caveat, that Field atlas data reflect the state of the Australian environment after nearly two hundred years of settlement by Europeans. Extensive landclearing in the south-east, east and south-west, and pastoralism and the provision of water in many other areas have had a marked influence on many granivorous birds, with consequences ranging from substantial range expansions to probable extinction (Blakers et al. , 1984) . Range expansions have occurred mainly among widespread terrestrial granivores that prefer lightly timbered grasslands and are water-dependent (Davies, 1977; Joseph, 1986; Saunders & Curry, 1990; Reid & Fleming, 1992; Smith & Smith, 1994) , and this may have increased species tallies in pastoral and agricultural areas. Declines among granivorous birds have been reported in many parts of Australia, but tend to be concentrated in the tropical and subtropical savannas, and the arid zone (Garnett, 1992; Franklin, 1999) .
We believe that the consequences of these changes for our analyses are not great. For example, the prominence of parrots in the southern semiarid and arid zones is likely to have extended to a greater proportion of cells in those areas and perhaps outwards into less arid areas because of the provision of water for stock and land clearing. However, this prominence is an extension of a pre-existing biogeographical pattern, not the development of a new one. There have been substantial declines among tropical finches, and yet our analyses show that finches remain prominent in the granivorous avifauna of that zone.
We have deliberately excluded exotic granivorous birds from our analyses. Australia has well-established populations of three exotic pigeons, three passerid finches and two fringillid finches. All these species are confined to the more settled urban and agricultural districts of eastern, south-eastern and south-western Australia. The indigenous sulphur-crested cockatoo Cacatua galerita (Latham, 1790) of eastern and northern Australia has been introduced to, and established in, the isolated higher rainfall area of south-western Australia.
Species richness among granivorous birds
The geographical patterning of species richness of granivorous birds (terrestrial and arboreal combined) within Australia was broadly similar to that of all non-marine birds, which Pianka & Schall (1981) and Gentilli (1992) found to be positively correlated with rainfall. It was greatest in midlatitude coastal eastern Australia, generally high in southeastern and north-western Australia and notably low in the central-western deserts and Tasmania. However, relative prominence in land bird assemblages was displaced inland in tropical and subtropical areas and especially away from the wet tropics of north-east Queensland, reflecting the rich variety of habitats and resources for other groups of land birds there, and the general preference of terrestrial granivores for woodlands and grasslands rather than forests.
Latitudinal gradients in species richness have been the hallmark of many comparative analyses (e.g. Cotgreave & Harvey, 1994) . Pianka & Schall (1981) found that mean species richness of granivorous birds along latitudinal transects across the Australian continent peaked in the tropics and was lowest between 25 and 30 ° south-precisely the latitudes where we recorded maximum species richness on the east coast. There is no consistent latitudinal trend in species richness of granivorous birds in our data. We suggest that Pianka & Schall's conclusion has little biological meaning beyond conveying that species richness for granivorous birds is lowest in desert areas, and that the Australian deserts have their widest longitudinal expanse in the mid-latitudes and least at lower tropical latitudes.
In biogeographical analyses, rainfall is often used as a proxy for a range of environmental traits (Gentilli, 1992) and ultimately for the resources used by birds. Alpha diversity of granivores may be positively related to diversity of seed types and seed patchiness states (Brown et al. , 1979; Morton & Davies, 1983) , although patterns of resource partitioning among granivorous birds have received remarkably little attention within Australia. However, the broad correlation between species richness in all non-marine birds, species richness in granivorous birds, and rainfall in Australia (Pianka & Schall, 1981) breaks down when subsets of granivorous birds are considered. Strikingly contrasting geographical patterns exist among species grouped by foraging mode and within terrestrialforaging granivores, grouped by phylogeny, so our explanation of possible resource and historical explanations is pursued at that level. However, there are few data on the resources critical to granivorous bird assemblages in Australia, so our discussion is necessarily speculative.
Foraging mode and resources
High species richness among arboreal granivores was primarily associated with humid and subhumid temperate and subtropical areas of the Australian mainland, but also extended north into the tropics along the Queensland coast. Its correlate appears to be the distribution and diversity of evergreen woodlands and forests, which may provide a diversity of resources throughout the year. The especially high species richness of eastern Australia at around 28 ° south reflects the overlap of distinct temperate and tropical arboreal granivore faunas.
In contrast, the extensive monsoonal tropical woodlands of the north-west and of the interior of northern Queensland supported no more than four species of arboreal granivore. A set of traits suggest that these woodlands may be a difficult environment for arboreal granivores (Woinarski & Tidemann, 1991) . A considerable number of eucalypts and other tree species are deciduous (Egan & Williams, 1996; Williams et al. , 1997) and in many areas the woodlands are burnt annually (Press, 1988; Russell-Smith, Ryan & Durieu, 1997) . Seed production tends to be seasonal and, in marked contrast to many Australian temperate-zone trees, serotiny is scarce and seed is shed soon after maturity (Dunlop & Webb, 1991; Setterfield & Williams, 1996; House, 1997; Williams et al. , 1999) .
It is a seemingly trite result that there are few species of arboreal granivore in the large, relatively treeless areas of arid Australia. However, the unpredictability of resources in the arid zone appears to have favoured generalized granivores over specialists ( Joseph, 1986) , and one such generalized strategy appears to include facultative arboreal foraging (see Phylogeny and resources below for the other). This strategy is epitomized by species such as the Major Mitchell's cockatoo Cacatua leadbeateri (Vigors, 1831) (Rowley & Chapman, 1991) and the Australian ringneck Barnardius zonarius (Shaw, 1805) .
The distribution of species richness among terrestrial granivores is less easy to explain with existing data. The predictable and extreme seasonality of rainfall in the tropical woodlands favours the predominance and diversity of grasses over shrubs Morton & Brennan, 1991) . Frequent but patchy fire in the monsoon tropics may promote intricate spatial diversity in seed patchiness Watkinson, Lonsdale & Andrew, 1989; Woinarski, 1990) . In eastern Australia, richness in terrestrial granivores may be more related to topographical variability (Gentilli, 1992) and consequent habitat heterogeneity than to alpha diversity, and in many areas may have been inflated by recent human influences. The richness of terrestrial granivores was particularly low in the western deserts, where pastoralism has not penetrated and there is little permanent water. However, this was also the least-well surveyed area, inhibiting strong inference about the source of variation within the arid zone.
Phylogeny and resources
Our measure of relative prominence demonstrates a marked latitudinal sequence of replacement of granivore taxa from finches in the far north through pigeons to parrots. There are morphological and physiological differences between finches, pigeons and parrots which may contribute to regional differences in their success. Alternatively or additionally, these broad differences in geographical dominance may be related to the evolutionary history of the three taxa in Australia.
Finches are uniformly small, whereas pigeons and parrots vary in size from moderately small to quite large (Table 1) , suggesting a general trend for increased size in granivores from north to south. In contrast, seeds are larger in tropical than temperate areas (Lord et al. , 1997) . Size differences in granivorous birds appear to be strongly and positively correlated with power of flight, and thus to the ability to travel daily to waterholes (Fisher, Lindgren & Dawson, 1972) and to track resources over longer time periods. The bills of finches are highly adapted to graminivory (Wiens & Johnston, 1977) and, in contrast to European species (Newton, 1967) , Australian finches exhibit remarkably little variation in bill size and structure (e.g. Schoepfer, 1989) . Whereas the bills of parrots are powerful and lend themselves to a wide range of diets including terrestrial granivory, extraction of seeds from woody fruits, digging roots and tubers, frugivory and nectarivory, those of pigeons are neither strong nor obviously specialized to granivory or any other food source ( Joseph, 1986) . The heat tolerances of the desert / semidesert-adapted diamond dove Geopelia cuneata (Latham, 1801) and spinifex pigeon Geophaps plumifera Gould, 1842 are exceptional and markedly greater than that of the co-occurring desertadapted zebra finch, or other finches (Dawson, 1981; Schleucher, 1993) .
In the subhumid north, 'monsoon tallgrass' savannas predominate, producing a large and predictable annual crop of seed (Andrew & Mott, 1983; , but also a dense standing crop of grass which may limit access to the seed resource beneath, especially for larger birds. The frequency of fire in the tallgrass savannas creates fine-scale mosaics of resource abundance which, combined with the relative high availability of drinking water, allows lower levels of mobility. The great annual variability in seed availability may also have favoured rapid reproductive strategies, a feature of finches but not pigeons or most parrots. In contrast, the semiarid tropics are more open, generally have much fewer waterholes, and are subject to some of the most persistently extreme daily maximum temperatures anywhere in the world-greater than 36 ° C for about half the year (DNM, 1986) . In the arid zone, both food and water are temporally variable and of low predictability (Friedel et al. , 1990) , requiring mobility at a far greater scale than in the tropics, and grass is less dominant than in the semiarid and subhumid tropics. For granivores, water may be limiting more often than seed (Davies, 1977) . Joseph (1986) argued that a combination of mobility and dietary flexibility were the key to the success of granivorous bird species in the arid zone. Nix (1982) suggested that higher-order taxa that are most speciose in northern Australia might be either recent invaders or long-established palaeotropical elements. Parrots are an ancient Gondwanan order that have been present on the continent since at least the early Tertiary. Neither finches nor pigeons appear to be Gondwanan, but pigeons are nevertheless thought to have had a long evolutionary history in Australia (Keast, 1981b; Heatwole, 1987) . Australian finches are all members of the subfamily Estrildinae -grass-finches and mannikins (Christidis, 1987; Christidis & Boles, 1994 ) -a palaeotropical group thought to have originated in Africa and perhaps to have arrived in Australia as recently as the Pliocene c. 2 -6 million yr bp (Keast, 1981b; Christidis, 1987) . If this date of arrival is correct, then parrots and pigeons, but not finches, would have been exposed to the process of aridification that is thought to have commenced in the early to mid-Tertiary and progressed from the south to the north of the continent (Bowler, 1982) . The recent arrival of finches and their 'inexperience' with the Australian environment may thus explain both their relative confinement to tropical Australia and their comparatively low species richness (Lein, 1972) . Nevertheless, it seems unlikely to us that history could have shaped the observed patterns without morphological preadaption such as described above. 
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